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Abstract
The Electric Power Research Institute (EPRI) has an active program to review and conduct
technical due diligence on emerging post-combustion CO2 capture technologies. The capture 
technology types include absorption, adsorption, membrane separation, mineralization and 
biofixation based capture processes for either new or retrofit applications with coal fired power 
plants. In addition to collecting and characterizing key process and performance data, each of the 
ninety two processes reviewed was assigned a Technology Readiness Level (TRL) and, when 
possible, the progression of the technology through TRL steps was recorded.  The resulting body of 
work provides a unique perspective on the relative rates of maturity of capture technologies across 
all classes. More important, it provides insights into the actual rates of commercialization. This 
information helps stakeholders better understand the rate at which capture technologies develop and 
when capture technologies at different stages of development might reach the market.
© 2010 Elsevier Ltd. All rights reserved
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1. Introduction
One of EPRI’s roles is to inform and educate the electric utility industry about new energy technologies, their potential 
uses and benefits, and timing to market. In 2006, EPRI began a formal program to track and assess the status of post-
combustion CO2 capture (PCC) technologies [1]. At that time, a search was conducted for a categorization system that 
could be used to classify and order the many PCC technologies under review.  EPRI found that the ability to effectively 
categorize the relative maturity of disparate emerging technologies has been a long standing challenge and one with no 
uniform solution, particularly not within the utility industry.
Typically, it has been the practice of each industry, or individual entities within an industry, to create their own 
framework and taxonomy for defining and describing the stages of technology development. The differences in these 
methods make it difficult to communicate across industries as to the particular state of development that a technology is 
in. This is attributable to the shared or similar names that are used to describe the different stages of development and 
differences in the interpretation of specific category names, e.g. “bench-top scale.” For small electronic devices, “bench-
top” could mean near-full scale whereas with heavy industry equipment, this may convey a very early stage of 
development.
The framework that EPRI identified to categorize the emerging PCC technologies was the Technology Readiness Level 
(TRL) system. Originally developed by NASA in the 1990s [2], the TRL system has been adopted by other federal 
agencies, particularly within the US Department of Defense (DoD) [3,4,5]. The differentiating attribute of the TRL 
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system is its ability to describe a series of development stages that nearly all technologies pass through on the way to 
becoming commercially deployed. Also, rather than introducing another set of definitions, the TRL system uses a 
simple naming scheme: TRL1, TRL2, TRL3, etc. Once one is familiar with the TRL framework, it is very effective and
efficient to simply describe a particular technology as being at TRL3 or TRL6.
2. Results and Discussion
EPRI found that among the entities using the TRL system, each usually tailored the TRL system by providing an 
additional description language layer on top of the primary framework in order to better connect the level definition to 
fit their particular industry or technology [6]. Since these modifications build upon the same basic TRL foundation, it is 
still possible to effectively communicate TRL stages to any audience familiar with the framework.  That is, even though 
two entities may describe TRL 3 slightly differently, both describe the same fundamental level of technical maturity. 
EPRI’s adaption of the basic TRL framework is shown in Table 1, the details of which were presented previously [7]. 
Table 1  TRL definitions as applied by EPRI for use with CO2 processes
Technology Readiness Level (TRL) 
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9    Normal commercial service  
8 Commercial demonstration, full-scale deployment in final form  
7 Sub-scale demonstration, fully functional prototype  
D
ev
el
op
m
en
t 6    Fully integrated pilot tested in a relevant environment  
5 Sub-system validation in a relevant environment  
4 System validation in a laboratory environment  
Re
se
ar
ch
 3    Proof-of-concept tests, component level  
2 Formulation of the application  
1 Basic principals observed, initial concept  
When tailoring the TRL framework for our use, EPRI made one notable modification category. That was to assign 
Research, Development and Demonstration labels to TRL stages 1-3, 4-6, and 7-9 respectively. We observed that 
developers who are working on capture processes in the TRL 1-3 range are primarily conducting research activities 
including such tasks as performing initial solvent/sorbent characterization and designing the basic process configuration. 
Once technologies progress to the TRL 4-6 range, the developers’ activities are more focused on development. The 
activities in this TLR range center on scaling-up and integrating the capture system and adding controls. The last three 
TRL levels represent the final stages leading to commercialization. The process is in final form (design lock), is 
sufficiently large relative to commercial scale and is operated for prolonged periods of time to demonstrate long term 
performance, operations and maintenance. 
Following the TRL framework outlined in Table 1, EPRI assigned TRL levels to ninety-two PCC technologies that have 
been under study at EPRI. In most cases, it was a simple matter to determine the current stage of development for a 
particular technology. Often, the developer provided us with enough background material – frequently under a 
confidentiality agreement – to determine if criteria had been met to assign a particular TRL. The challenging cases were 
to decide between two TRLs if a developer’s current activities straddled two readiness levels or if the developer was not 
forthcoming about their activities or if we could not ascertain sufficient intelligence from public sources. The TRL 
levels were assigned during the time of review which stretched over one year. The distributions of rankings are shown 
in Figure 1.
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Figure 1 TRL distribution of ninety two post-combustion CO2 capture processes
Of the ninety-two post-combustion CO2 capture processes assessed, fifty-two (57%) are absorption based, fourteen 
(15%) are adsorption based, seven (8%) are membrane based, and nineteen (21%) are mineralization or biofixation 
based. It is important to note that while Figure 1 lists both Mineralization and Biofixation technologies together, the 
overwhelming majority of biofixation processes were microalgae-based technologies that propose to use the CO2 fossil 
fuel flue gas to enhance the biomass yields from large scale growing operations. Because the primary focus of algae 
technologies is on the production of commodity bio-products with the mitigation of carbon emissions being secondary
and typically only capable of removing a small fraction of CO2, a separate assessment of algae technologies was 
conducted in 2009 and is reported separately from the results described in this paper [8]. Should the total number PCC 
developers be extended to include the entire community of algae developers who claim a carbon mitigating aspect to 
their process (Biofixation), the total number of developers would roughly double. 
Another observation is that the most common and most mature PCC process are absorption based technologies. This 
was expected considering that absorption-based gas separation processes have the longest history of use in the 
chemicals and oil and gas industries. Most of the leading PCC vendors have taken mature solvents and process designs 
and created derivative forms for use on coal-fired flue gas applications. Much of the industrial experience with CO2 gas 
separation (i.e. EOR, CO2 for food and beverage, etc.) are based on absorption-based technologies. Because of this, as a 
process class, absorption based technologies have been able to move through the early TRL stages more quickly and 
advance to larger pilots and demonstrations. Figure 1 also shows a double peak of absorption technologies with the first 
peak occurring at TRL 3-4 and another at TRL 6. The PCC processes in TRL 6 group all use the most mature capture 
chemistries (e.g. amines) while those in the lower TRL stages use fundamentally new chemistries, supporting processes 
or both (e.g. ionic liquids, self-concentrating solvents, etc.). 
Following these trends, the membrane and adsorption based systems are starting with arguably less industrial gas 
separation experience and therefore, will likely take more time in the Research TRLs as more time is needed to evaluate
the fundamental material performance and designing new processes. There simply isn’t as much industrial operation 
experience to draw upon. This fact is reflected in the distribution of these technology types in the TRL ranks.  
Another point that is not evident from Figure 1is that most TRL practitioners will not assign a technology a particular 
technology unless it has met the criteria of the TRL rank immediately before it.  That is, if a developer plans to 
simultaneously conduct a fully integrated laboratory trial (TRL 4) and a sub-scale demonstration (TRL 5), the subject 
technology will be assigned the lower TRL. By extension of this logic, there will always be more technologies who will 
attempt to achieve the next higher than actually do. 
This is likely due to the fact that the probability of failure (of not reaching the next higher TRL step) decreases as a 
technology moves up through the TRL steps towards commercialization. While it is not known how many PCC “ideas” 
ever make it out of TRL 1 and 2, very few are disclosed. It is EPRI’s observation that there is little benefit for the 
principal investigator (PI) to share a new capture concept with third parties before first conducting the due diligence 
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steps of TRL 1 and TRL 2. Because Figure 1 only shows results from PCC technologies that EPRI has access to, there 
are many TRL 1 and TRL 2 technologies that go unreported. Were they to be included, one would expect the see 
significantly higher numbers of TRL 1 and TRL 2 technologies recorded. 
The distribution of PCC technologies across ranks show TRL distribution for all technologies is as follows:  2%, 14%, 
27%, 24%, 11% 17%, and 4% for TRLs 1-7 respectively. Divided by technology class, the average TRL level is:  
Absorption 4.1%, Adsorption 3.6%, Membrane 4%, and 3.7% for Mineralization & Biofixation.
EPRI was able to assemble complete TRL development profiles for several processes. Some of these profiles include 
empirical data from past development steps as well as “best guess” projections for future development work. Figure 2
shows one such profile. It shows significant overlapping of TRL stages. For instance, for the period of 2007 to 2009, the 
projected timeline shows up to four overlapping TRL activities. 
Figure 2 TRL projections from a post-combustion capture process from 2008
While it can be desirable to accelerate the time to market, EPRI has observed a tradeoff with the total cost of 
development. Advancing to higher TRL steps before completing the research or development objectives from prior 
steps requires additional flexibility to be built in to the pilot and demonstration plants in order to allow for mid-course 
corrections to PCC chemistry, process components or operating conditions. Some developers have also proposed to 
accelerate development skipping development steps or to consolidate TRL steps together in one “large step”. This is 
most often the case after TRL 5 where the developer has completed the majority of research (TRL 1-3) and some 
integrated operations. The trade-off is a faster time to market with more inherent risk and higher cost compared to a 
slower time to market with more confidence and lower risk in the subject technology.
Also, it is important to note that some companies take a non-linear approach to development.  This is most often the cost 
during the TRL 4-6 stage when developers wish to demonstrate the performance or applicability of their process to 
different customers or in different regions. The example of this is transportable/mobile pilot units.  These are relatively 
easy to set up at a power plant, run for a period of time and then move to another location. In these instances, the 
developer would be considered as having multiple TRL level activities (e.g. Three TRL 6 projects) occurring at the 
same time.
EPRI found it to nearly always be the case that once PCC developers, regardless of their strategy to market (faster or 
slower), reach the Development & Demonstration stages, they tend to be engaged with multiple TRL stages 
concurrently. This practice is most common as technologies move higher up the TRL scale. At the Research scale, there 
is not enough information available to move forward with advanced design. However as a technology progresses well 
into the Development stages, a process developer can begin modeling, costing and performing basic engineering design 
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for a full-scale demonstration plant (a higher TRL). Because of this, EPRI has observed, that the development activities 
in the middle TRL stages TRL 4-6 are rather chaotic. There is continued work at small scale in order to refine design 
(provide a greater level of resolution on operating conditions, modes of failure, sensitivity analysis, etc.), work at the 
present TRL level (e.g. an integrated laboratory pilot), and the beginnings of work on higher TRL scales (e.g. 
engineering and design for a larger demonstration unit). To effectively move through these middle TRL stages, 
developers require ample funding and depth of resources to conduct these many simultaneous operations.
3. Conclusions
The TRL system is an effective framework for categorizing PCC technologies. The original TRL design created by 
NASA [2] required little modification in order to be meet EPRI’s objectives. In the few years since EPRI adopted the 
TRL framework, other entities in the energy industry have adopted it. For example, the Advanced Research Projects 
Agency-Energy (ARPA-E) included a TRL primer in their January, 2010 Funding Opportunity Announcement [9] and 
asked proposing parties to self-indentify a TRL for various aspects of their technology. Within EPRI, multiple research 
Programs are using TRL framework for internal discussions, communication with contractors, and in presentations and 
formal reports to our members.
One critique of the TRL framework is that it does not contain the ability to communicate the level of effort or difficulty 
required to achieve the next TRL rank in a development cycle. This limits the use of the TRL tool to compare the level 
of effort, or resource requirements, amongst a field of similarly mature technologies. If one developing technology can 
borrow heavily from related mature industries while another has extensive fundamental materials development work to 
perform, they both show the same rank despite one having an easier job of achieving the next rank higher. This 
deficiency may necessitate a modification to the TRL framework to provide the ability to assess a level of difficulty 
(e.g. TRL 3 hard) so as to better understand timing and resources allocations.
Based on the positive experience using the TRL process, EPRI is now conducting a TRL “look back” investigation of 
the past development process among the developers capture technologies. This study aims to collect information on all 
ninety-two PCC technologies under study, including the timing it took to progress through the TRL level to the level 
which they currently hold as well as collecting projections on the timing to reach the market (TRL 9). This data will be 
analyzed to determine if patterns emerge on the overall timing to complete each TRL step. If trends are found, they 
could be used to better gauge how much total time is required to develop a PCC technology and to better understand the 
ranges of levels of effort (time and cost) to move a from one particular level to another (e.g. from TRL 2 to 5 or TRL 6 
to 8). Ultimately, this information will help EPRI communicate the timing of PCC technologies to market to our 
member utilities. 
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